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A B S T R A C T

Previous studies have discovered that an increase in aerosol concentration could affect the development of 
precipitation and tropical cyclones. However, with increasing efforts to mitigate climate change, the amount of 
anthropogenic aerosols in the atmosphere is expected to decrease in the future. This study aims at understanding 
how such a reduction in aerosol number concentration could affect the precipitation pattern of tropical cyclones 
through case studies of Typhoon Haikui and Koinu. The Thompson aerosol-aware microphysics scheme in the 
Weather Research and Forecast (WRF) model is used, and the water-friendly aerosol number concentration is 
reduced by a factor of 100. For both tropical cyclones, a reduction in aerosol results in consistent expansion of 
precipitation area due to the enhanced warm rain process. However, the total precipitation of Koinu decreases 
while that of Haikui increases, depending on whether warm-rain or ice-phase processes dominate and whether 
upper-level convection is altered.

1. Introduction

Tropical cyclones are great threats to the South China area from May 
to November each year. In Hong Kong, an average of six tropical cy-
clones necessitate the issuance of tropical cyclone warning signals 
annually (Hong Kong Observatory, 2024). These natural hazards bring 
strong wind, rainfall, and storm surge to the city, with rainfall being the 
most significant factor for economic losses in the region (Sajjad and 
Chan, 2020).

Aerosols play an important role in the generation of precipitation 
through direct radiative effect as well as indirect microphysical effects. 
Several studies have investigated how natural aerosol sources affect 
tropical cyclones: Zhang et al. (2009) demonstrated Saharan dust’s 
impact on tropical cyclone eyewall structure, Liu et al. (2022) revealed 
volcanic aerosols’ role in cyclogenesis, and Jiang et al. (2019) quantified 
sea-salt aerosols’ effects through their distinctive large particle size and 
strong hygroscopicity. In South China, however, anthropogenic sulfate 
and ammonium aerosols dominate the atmospheric particulate compo-
sition (Huang et al., 2014). These hygroscopic aerosols can serve as 
cloud condensation nuclei, thereby initiating cloud droplet formation. 
As demonstrated by Yang et al. (2018), aerosol-cloud-precipitation in-
teractions represent the primary mechanism through which aerosols 

modulate tropical cyclones in this region - a phenomenon that has been 
widely investigated in previous studies.

Over the years, there has been numerous observational evidence 
showing that cloud droplet size is smaller and their size distribution is 
narrower in high-aerosol environments (e.g., Andreae et al. (2004); 
Yuan et al. (2008)). These lead to less effective collisions between cloud 
drops, suppressing warm-rain formation (Tao et al., 2012). Rosenfeld 
et al. (2008) suggest that due to delayed precipitation formation, more 
water could be brought above supercooled levels and freeze into ice 
particles, releasing latent heat in the process. Meanwhile, heat is reab-
sorbed at lower levels when the falling ice melts. These create greater 
upward heat transport which results in the invigoration of convective 
clouds, leading to higher rainfall than clean conditions. Such hypothesis 
is supported by cloud-resolving modeling studies (Khain et al., 2005; 
Van Den Heever and Cotton, 2007), as well as satellite observations that 
show a positive correlation between aerosol optical depth and convec-
tive cloud properties including cloud fraction and cloud top height 
(Koren et al., 2005, 2010). However, this so-called cold-phase invigo-
ration mechanism has been questioned since it is based on the unrealistic 
assumption that condensates in updrafts freeze and unload instanta-
neously (Varble et al., 2023). Grabowski and Morrison (2020) pointed 
out that the buoyancy created by additional freezing balances the weight 
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of the extra condensate, resulting in no convective invigoration above 
the freezing level. However, Fan and Khain (2021) argue that the 
different locations and time scales of droplet ascending and freezing, as 

well as the additional buoyancy due to additional condensation, depo-
sition and riming, could render cold-phase invigoration possible.

Apart from cold-phase invigoration which is still debated, other 

Fig. 1. Average column number density of (A) organic carbon and (B) sulfates in September to October 2023. Hourly column mass density of the two species were 
obtained from MERRA-2 (Global Modeling and Assimilation Office (GMAO), 2015), and the column number density was calculated by assuming that the aerosol sizes 
follow a lognormal distribution and using the effective radii and geometric standard deviations from Chin et al. (2002). The black boxes mark the three domains of 
our simulations.

Fig. 2. Tracks of (A) Koinu and (B) Haikui from our experiments (default in red, 0.1× in green, 0.01× in blue) as determined by minimum sea level pressure and 
observed track (black circles) as given by Hong Kong Observatory (Hong Kong Observatory, 2024a, 2024b). The observed track for Haikui is plotted up to 12 UTC on 
5 September 2023, after which the typhoon dissipates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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mechanisms causing the difference in convection in clean and polluted 
environments are suggested in the literature. The studies by Fan et al. 
(2018) and Grabowski and Morrison (2020) suggest that invigoration 
exists below the freezing level, though the authors have not reached a 
consensus on the mechanism behind. While the former believe that the 
greater latent heating in polluted environments is due to enhanced 
condensation rate with increased droplet concentration, the latter 
believe that it is due to reduced supersaturations increasing buoyancy, 
which causes stronger updrafts that enhances condensation rates. On the 
other hand, Tao et al. (2012) suggest that smaller droplets in more 

polluted conditions could result in stronger evaporative cooling, 
enhancing the strength of the near-surface cold pool, which could also 
produce more vigorous convection and thus enhanced precipitation.

Tropical cyclones are mesoscale convective systems that are also 
affected by aerosol concentration. While several studies have shown that 
the track of tropical cyclones is hardly affected by aerosol concentration 
(Cotton et al., 2012; Hazra et al., 2013; Jiang et al., 2016; Pan et al., 
2020), it is evident that the intensity of the tropical cyclone could be 
affected. Hazra et al. (2013) and Jiang et al. (2016) found that precip-
itation is reduced in polluted environments due to reduced collision and 

Fig. 3. Maximum surface wind speed and minimum sea level pressure (SLP) of Koinu (A-B) and Haikui (C-D). Default experiment is in red, 0.1× is in green and 
0.01× is in blue. Shaded regions mark the range of the results from the ensemble of three simulations. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 4. Mean precipitation and fraction of area with precipitation exceeding 0.01 mm h− 1 in 600 × 600 km region around low-pressure center of Koinu (A-B) and 
800 × 800 km region around low-pressure center of Haikui (C-D). Default experiment is in red, 0.1× is in green and 0.01× is in blue. Shaded regions mark the range 
of the results from the ensemble of three simulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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coalescence. Cotton et al. (2012) found a similar phenomenon when 
aerosols are first ingested in a simulation of West Pacific Typhoon Nuri, 
but subsequently, an increased amount of droplets were thrust into 
higher levels where they freeze and release greater latent heat, thereby 
intensifying convection and producing more rainfall. Rosenfeld et al. 
(2012) further suggested that as the convection in peripheral clouds 
becomes more vigorous, more ascending air is drawn at the periphery of 
the storm, the low-level airflow towards the eyewall is reduced, 

weakening the convergence towards the cyclone center. Consequently, 
the wind speed at the eyewall would reduce. In addition, Jiang et al. 
(2016) noted that precipitation is increased at the periphery but 
decreased in the eyewall region when aerosol concentration is high. On 
the contrary, Herbener et al. (2014) found a strengthening of storm in-
tensity with increasing aerosol concentration. The authors suggested 
that convective invigoration in the eyewall region and in the outer 
rainbands could affect storm intensity in opposite ways, resulting in non- 
linear responses in storm intensity.

Most existing studies put their focus on how increased aerosol con-
centrations might impact the properties of tropical cyclones. However, 
with increased emission reduction policies to mitigate climate change, it 
can be expected that the aerosol concentration in the atmosphere will 
decline in the future. For the strong mitigation scenarios SSP1 defined in 
the Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change (IPCC AR6), global emissions of sulfur dioxide and organic 
carbon are projected to decrease by around 90 % and 60 % respectively 
(Chen et al., 2021). A decrease in aerosol concentration is likely to affect 
microphysics and alter the development of convective precipitation and 
tropical cyclones. However, it is found that the relationship between 
aerosol concentration and precipitation patterns is non-linear in 
convective clouds and tropical cyclones (Wang et al., 2023; Hazra et al., 
2013; Jiang et al., 2016), so one cannot extrapolate the trend found in 
existing studies to predict the changes in a cleaner scenario. Therefore, it 

Table 1 
Comparison of average precipitation rates over entire simulation excluding first 
24 h in 600 × 600 km region around low-pressure center of Koinu and 800 ×
800 km region around low-pressure center of Haikui in mm h− 1. “0.1×” and 
“0.01×” refers to aerosol concentration reduced by a factor of 10 and 100 
compared to the default value.

Koinu Haikui

Default 0.1× 0.01× Default 0.1× 0.01×
Mean 

precipitation 
rate (mm h− 1)
Entire region 1.55 

± 0.02
1.54 1.42 ±

0.01
1.07 ±
0.05

1.14 1.22 ±
0.07

Region 
exceeding 0.01 
mm h− 1

4.07 
± 0.03

3.69 3.21 ±
0.02

2.66 ±
0.09

2.58 2.50 ±
0.02

Fig. 5. Composite radar reflectivity of (A) Koinu default and (B) Koinu 0.01× (aerosol concentration reduced by a factor of 100) at 22:00 UTC on 7 October 2023; (C) 
Haikui default and (D) Haikui 0.01× at 16:00 UTC on 6 September 2023. Red square in (A-B) marks the 600 × 600 km region around low-pressure center of Koinu; 
red square in (C-D) marks the 800 × 800 km region around low-pressure center of Haikui. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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is important to study the impacts of reduced aerosol concentration on 
the development of tropical cyclones to understand how this natural 
hazard may change in the future.

In this study, we employ the Weather Research and Forecasting 
(WRF) model (Skamarock et al., 2021) with Thompson aerosol-aware 
microphysics scheme (Thompson and Eidhammer, 2014) to assess the 
impact of reduced aerosol concentration on the development of pre-
cipitation of tropical cyclones in the South China region. Thompson 
aerosol-aware microphysics scheme is a bulk microphysics scheme that 
nucleates water and ice from their dominant respective nuclei and tracks 
and predicts the number of available aerosols (Thompson and Eid-
hammer, 2014). As a bulk scheme, the Thompson aerosol-aware scheme 
is less sensitive to aerosols than spectral bin microphysics schemes that 
calculate particle size distributions by solving explicit microphysical 
equations. This could be due to the application of saturation adjustment, 
which makes the scheme insensible to aerosols at the stage of diffusional 
growth, as well as errors in size sorting during sedimentation (Khain 
et al., 2016). Although this may modestly hinder the scheme’s perfor-
mance in simulating the evolution of tropical cyclone’s intensity and 
structure, the Thompson aerosol-aware scheme offers a practical bal-
ance between accuracy and computational efficiency. Using less 
computational resources, it is capable of achieving similar performance 
as WRF-Chem, which includes more complex representation of aerosol 
properties, in simulating aerosol optical depths and aerosol impacts on 
near-storm environments (Saide et al., 2016). Among several other bulk 
microphysics schemes including NSSL 2-moment scheme with cloud 
condensation nuclei prediction, and Thompson microphysics and Mor-
rison scheme with specified cloud drop concentration, Thompson 
aerosol-aware microphysics scheme gives results closest to those found 
in the observations and by using spectral bin microphysics in simulating 
Hurricane Irene in August 2011 (Khain et al., 2016). Given these ad-
vantages, we adopt the Thompson aerosol-aware scheme as a cost- 
effective yet sufficiently accurate method for investigating aerosol 

impacts in our study.
Our investigation involves simulations of Typhoon Haikui from 00 

UTC on 4 September to 18 UTC on 8 September 2023 and Typhoon 
Koinu from 06 UTC on 5 October to 12 UTC on 9 October 2023. The two 
tropical cyclones were chosen because of the exceptionally high rainfall 
they brought. The periods across the highest precipitation in Hong Kong 
were chosen to simulate the extreme precipitation events and investi-
gate how reduced aerosol amount would affect these impactful events. 
By analyzing how aerosol concentration alters microphysical processes, 
this research would provide insights into the validity and relative 
importance of warm-rain formation, cold-phase invigoration, or other 
mechanisms in determining the precipitation response of tropical cy-
clones to aerosol changes. Our study would also address the under-
studied but increasingly relevant scenario of future aerosol reductions.

2. Materials and methods

2.1. Cases

Our experiments are conducted with two tropical cyclone cases. The 
first is the case of Typhoon Haikui on 4–9 September 2023. After moving 
over Taiwan, Haikui made landfall in Fujian as a weakening tropical 
storm, but its remnant brought severe precipitation to Hong Kong, with 
a record-breaking 158.1 mm of rainfall in an hour recorded at the Hong 
Kong Observatory from local time 23:00 to midnight on 7 September. 
The second case is that of Typhoon Koinu on 5–9 October 2023. Koinu 
weakened after passing through the south of Taiwan, but re- 
strengthened as it moved across the South China Sea. The severe 
typhoon brought the highest ever 24-h rainfall in October to Hong Kong, 
which is 439.8 mm from local time 15:00 on 8 October to 15:00 the next 
day.

Fig. 6. (A-B) Number of grid points with rain rates exceeding 1 mm h− 1 and their percentage changes from default to 0.01× conditions, binned by precipitation 
intensity (bin size increasing from 0.5 to 10 mm h− 1), averaged over the final 48 h across ensemble simulations for a 600 × 600 km region around Koinu’s low- 
pressure center. (C-D) Corresponding results for an 800 × 800 km region around Haikui’s low-pressure center.
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2.2. Experiment design

The simulations were configured with three two-way nested domains 
centered at 22.3◦ N 113.8◦ E (see Fig. 1) with horizontal grid resolutions 
of 15, 5, and 1.67 km, respectively, using the WRF model version 4.5.1. 
The dimensions of the three domains are 3780 km × 3660 km, 2225 km 
× 1955 km and 1157 km × 1027 km. The vertical direction has 70 levels 
up to the model top at 50 hPa. The simulation for Haikui runs for 114 h 
from 00 UTC on 4 September 2023, while that for Koinu runs for 102 h 
from 06 UTC on 5 October 2023. Thompson aerosol-aware microphysics 
scheme was used in the simulations, which is a bulk microphysics 
scheme with explicit cloud droplet nucleation by water-friendly (WF) 
aerosols, which consists of sulfates, sea salts and organic matter, and ice 
activation by ice-friendly (IF) aerosols, which is primarily dust gener-
ated by natural wind erosion. The longwave and shortwave radiation 
schemes were both RRTMG, the land surface model was unified Noah, 
the surface layer scheme was QNSE, the Planetary Boundary Layer 
scheme was QNSE-EDMF, and Tiedtke cumulus parameterization 
scheme was applied to the largest domain.

The Thompson aerosol-aware microphysics scheme requires 3- 

dimensional aerosol number concentration data, which can be added 
to the metgrid output files following the steps outlined in https://www2. 
mmm.ucar.edu/wrf/users/physics/mp28_updated.html. The aerosol 
concentration data are derived from the global simulation of the God-
dard Chemistry Aerosol Radiation and Transport (GOCART) model over 
7 years (2001–2007) (Colarco et al., 2010; Thompson and Eidhammer, 
2014), and these default values were used in our “default” experiment. 
From the column number concentration of organic carbon and sulfates 
calculated from the average column mass density of these species from 
September to October 2023 provided by MERRA-2 (Global Modeling 
and Assimilation Office (GMAO), 2015; Chin et al., 2002), the number 
concentration of these aerosols in the coast of South China is about two 
orders of magnitude larger than that in tropical Western Pacific Ocean 
(see Fig. 1). Therefore, to approximate the situation when aerosol con-
centration returns to the level when there were minimal human emis-
sion, the “0.01×” case is designed where WF aerosol concentration over 
the entire simulation domain was set to 0.01 times the default values by 
multiplying the variables “W_WIF” in the metgrid output files by 0.01. 
Although the IPCC SSP1–1.9 scenario projected only up to 10 times 
global aerosol emission reduction by 2100 (Chen et al., 2021), regions 

Fig. 7. Radial distributions of azimuthally averaged percent occurrence of (A) very deep, (B) moderately deep, (C) moderate, (D) shallow, and (E) all precipitation 
for Koinu averaged over the last 48 h of the simulation. Shaded regions mark the range of the results from the ensemble of three simulations.
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such as South China and Southeast Asia, which currently emit far more 
aerosols than the global average, would need much deeper cuts to meet 
these targets. For instance, China alone contributes one-third of global 
SO2 emissions and nearly a quarter of global organic carbon emissions 
(Crippa et al., 2024). Given these high baseline emissions, achieving 
SSP1–1.9 compliance in these regions would demand reductions on the 
order of 100 times, supporting the justification for the 100 times 
reduction in aerosols in our experiments. The IF aerosol concentration 
was kept constant in our experiments since it is not expected to change 
due to human activities. To further understand the effect when aerosol 
concentration is reduced but to a lesser extent, another simulation with 
0.1 times the default WF aerosol concentration was carried out. Within 
the Thompson aerosol-aware microphysics scheme, aerosols are advec-
ted and diffused during the simulations, while surface emission is rep-
resented by a variable lower boundary condition (Thompson and 
Eidhammer, 2014) based on the initial near-surface aerosol concentra-
tion and a simple mean surface wind. This results in approximately 100 
times/10 times reduction in surface emission when aerosol number 
concentration is reduced by 100 times/10 times.

The initial and boundary conditions of our simulations come from 

ECMWF Reanalysis V5 (ERA5) fields in 3-h intervals. Grid analysis 
nudging is applied to the largest domain every three hours. To ensure 
the robustness of the simulation results, for each tropical cyclone case, a 
small ensemble of three pairs of default and 0.01× simulations are 
carried out. Members of each ensemble differ by small perturbations at 
the lowest three levels of temperature fields, which are below 500 m, in 
the form of random noise with an amplitude of 0.001 K.

3. Results

3.1. Impacts on track and intensity

The simulated tracks of Koinu and Haikui determined by minimum 
sea level pressure are shown in Fig. 2. Koinu remained over the ocean for 
the entire simulation, while Haikui made landfall at around 21 h after 
the start of the simulation. Changes in aerosol concentration have little 
impact on the tracks of both typhoons, which is consistent with the 
findings of previous studies (Cotton et al., 2012; Hazra et al., 2013; Jiang 
et al., 2016; Pan et al., 2020). Although the simulated tracks show slight 
deviations from the observed tracks, this should not affect our analysis, 

Fig. 8. Radial distributions of azimuthally averaged percent occurrence of (A) very deep, (B) moderately deep, (C) moderate, (D) shallow, and (E) all precipitation 
for Haikui averaged over the last 48 h of the simulation. Shaded regions mark the range of the results from the ensemble of three simulations.

H.Y.L. Mak et al.                                                                                                                                                                                                                               Atmospheric Research 328 (2026) 108405 

7 



which focuses on comparison of aerosol effects.
The maximum surface wind speed and minimum sea level pressure of 

the two tropical cyclones are plotted in Fig. 3. It can be seen that Koinu 
continues to strengthen during the simulation, while Haikui weakens. 
The intensities of the two tropical cyclones change differently with 
aerosol concentration changes. For Koinu, reducing aerosol concentra-
tion initially strengthens the storm (maximum surface wind speed in-
creases while minimum sea level pressure decreases), but the storm is 
weakened when aerosol concentration is further reduced to 0.01 times. 
Haikui shows only small difference in maximum surface wind speed for 
different aerosol concentrations, but shows lower minimum sea level 
pressure when aerosol concentration reduces.

3.2. Impacts on precipitation

Koinu and Haikui show different responses to reduced aerosol 
number concentration in terms of precipitation. Fig. 4 and Table 1 show 
the precipitation statistics in the 600 × 600 km region around low- 
pressure center of Koinu and the 800 × 800 km region around low- 
pressure center of Haikui. The region sizes were selected based on 
each typhoon’s spatial characteristics to include their precipitation 
structures while excluding large non-precipitating areas. Fig. 4(A) and 
(C) show that mean precipitation around the low-pressure center of 
Koinu decreases with the reduction of aerosol number concentration, 
but increases for the case of Haikui. Considering the first 24 h of the 
simulation as spin-up and taking average over the rest of the simulation, 
the mean precipitation rate decreases from 1.55 mm h− 1 to 1.42 mm h− 1 

for Koinu but increases from 1.07 mm h− 1 to 1.22 mm h− 1 for Haikui 
when aerosol number concentration is reduced by a factor of 100. 

Meanwhile, the area extent of precipitation is larger in cleaner condi-
tions for both tropical cyclones as shown in Fig. 4(B) and (D). By 
applying one-sided Wilcoxon signed-rank test on the ensemble of sim-
ulations, it is confirmed that the differences described above are all 
statistically significant (P < 0.05). In Fig. 4, the green lines representing 
the simulation with aerosol number concentration reduced by a factor of 
10 (“0.1×”) do not always lie between the red and blue lines, repre-
senting the simulations with default concentration and concentration 
reduced by a factor of 100 (“0.01×”), highlighting the complex response 
of precipitation to changes in aerosol concentration. The non-monotonic 
response is particularly pronounced in the case of Koinu, which will be 
further discussed in Section 3.4.

Fig. 5 compares the composite radar reflectivity at two instants of 
Koinu and Haikui in one of the default and 0.01× simulations. This pair 
of images was chosen to illustrate the differences in precipitation pattern 
as there is a large difference in both mean non-zero precipitation and 
area fraction of precipitation at this instant. The distributions of pre-
cipitation regions in different realizations in an ensemble are similar in 
the first 24 h, though there are small variations in intensity. As the 
simulations progress, the distributions of precipitation regions among 
different realizations diverge in addition to the intensity. However, 
reflectivity patterns in default and 0.01× runs differ from the beginning 
of the simulations, with 0.01× runs having noticeably larger areas with 
reflectivity lower than 30 dBZ. This is consistent with the results shown 
in Fig. 4(B) and (D).

For the case of Koinu, since mean precipitation rate decreases while 
area of precipitation increases when aerosol reduces, rainfall intensity in 
cleaner conditions decreases significantly. From Table 1, the mean rain 
rate in regions with precipitation exceeding 0.01 mm h− 1 decreases from 

Fig. 9. Panels (A, D) show the mixing ratio of cloud droplets, (B, E) the number concentration of cloud droplets, and (C, F) the mean cloud droplet radius (assuming 
uniform droplet size) within cloudy regions (total liquid + ice content >0.1 g kg− 1). Results are averaged over the last 48 h of the simulation for (A–C) a 600 × 600 
km region around Koinu’s low-pressure center and (D-F) an 800 × 800 km region around Haikui’s low-pressure center. Shaded areas indicate the ensemble spread 
from three simulations, and the dashed horizontal line marks the 0 ◦C level.
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4.07 mm h− 1 to 3.21 mm h− 1 when aerosol number concentration de-
creases by a factor of 100. From Fig. 5(A) and (B), higher precipitation 
intensity can be found in the eyewall region of Koinu in the default case, 
while more small patches of low to moderate precipitation are found at 
the periphery for the 0.01× case. Although the overall mean precipita-
tion rate exhibits an opposite trend for Haikui, rainfall intensity in 
precipitating areas is still found to decrease slightly when aerosol 
number concentration reduces as reflected by the statistics shown in 
Table 1. Fig. 5(C) and (D) show the maximum radar reflectivity at 16:00 
UTC on 6 September 2023 from the default and 0.01× simulation of 
Haikui respectively. As Haikui had already made landfall at around 
21:00 UTC on 4 September 2023, the structure of the typhoon is no 
longer well-defined. Nonetheless, it is evident that the precipitation area 
in the 0.01× simulation is much more extensive, and it mainly consists 
of precipitation with low to moderate intensity. Although there are also 
patches with more intense precipitation (radar reflectivity above 45 
dBZ) in the 0.01× simulation, the intensity is not as high as the strongest 
precipitation in the default simulation, which involves radar reflectivity 
above 55 dBZ. It is also worth noting that away from the tropical cy-
clones, the unorganized convective cells also show significant difference 
between the default and 0.01× simulations, with the 0.01× simulations 
having larger convective regions.

Fig. 6(A) and (C) show the distributions of rain rate around the low- 
pressure centers of Koinu and Haikui, and Fig. 6(B) and (D) show the 
percentage change from default to 0.01× simulations. In Koinu, when 
aerosol concentration decreases, the number of points with low rain rate 
of less than 6 mm h− 1 increases, while the number of points with 

moderate to high rain rate decreases. In particular, the high aerosol runs 
have extreme precipitation of above 150 mm h− 1, while the clean runs 
do not. In Haikui, the maximum precipitation is about 55 mm h− 1 lower 
than in Koinu, but the 0.01× simulations have more points with rain rate 
up to 50 mm h− 1. Above 50 mm h− 1, the 0.01× simulations still have 
fewer number of points in general, similar to the case in Koinu. Mean-
while, the percentage decrease in the number of points with high rain 
rate is higher for Koinu than in Haikui, while the percentage increase in 
the number of points with low rain rate is higher for Haikui than in 
Koinu. From these, we can see that the difference in precipitation in 
Koinu is likely mainly due to changes in processes that generate mod-
erate to intense precipitation, while the difference in precipitation in 
Haikui is likely mainly due to changes in processes that generate light to 
moderate rain.

This is further supported by Figs. 7 and 8, which show the radial 
distributions of different types of precipitation defined using the 20-dBZ 
radar echo height (Z20dBZ) according to Tao and Jiang (2015) averaged 
over the last 48 h of the simulations. From Fig. 7, the rain band of Koinu 
at 40–180 km from the tropical cyclone center is dominated by very 
deep (Z20dBZ ≥ 14 km) and moderately deep (14 > Z20dBZ ≥ 10 km) 
precipitation. When aerosol concentration reduces, the percent occur-
rence of very deep precipitation at 40–180 km from the tropical cyclone 
center reduces, while that of moderately deep, moderate (10 > Z20dBZ ≥

6 km) and shallow (Z20dBZ < 6 km) precipitation in the same region 
increases, suggesting a reduction in convective strength. Beyond 200 km 
from the center of Koinu, percent occurrence of shallow precipitation 
increases. From Fig. 7(E), the percent occurrence of total precipitation is 

Fig. 10. (A-C) Mixing ratios of graupel, ice and snow within cloudy regions (total liquid + ice content >0.1 g kg− 1). Results are averaged over the last 48 h of the 
simulation for (A-C) a 600 × 600 km region around Koinu’s low-pressure center and (D-F) an 800 × 800 km region around Haikui’s low-pressure center. Shaded areas 
indicate the ensemble spread from three simulations, and the dashed horizontal line marks the 0 ◦C level.
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almost the same at different aerosol levels. At a radial distance of 
100–200 km, more polluted runs have larger precipitation area, but 
beyond 200 km, the cleaner runs have slightly larger precipitation area.

On the other hand, Fig. 8(E) shows significant increase in percent 
occurrence of total precipitation in Haikui at all radial distances when 
aerosol concentration reduces, suggesting significant expansion in pre-
cipitation area. The change is dominated by increase in shallow 

precipitation as displayed in Fig. 8(D). There is no significant difference 
in the percent occurrence of moderate, moderately deep, and very deep 
convection for different aerosol levels for Haikui (only around 2 % dif-
ference). The contributions from moderate to very deep convection are 
also limited since their percent occurrences are significantly lower than 
that in Koinu. This is as expected since Haikui made landfall and was 
dissipating, while Koinu remained over the ocean, its energy source, 

Fig. 11. Vertical profiles computed in 600 × 600 km region around low-pressure center of Koinu averaged over the last 48 h of the simulation. (A) Vertical velocity 
in cloudy updraft regions with w > 1 m s− 1 and total liquid and ice content above 0.1 g kg− 1 (B) Conversion from MAPE to vertical kinetic energy Cp→z (C) Sum of 
diabatic contribution due to microphysical processes (D-I) Diabatic contribution Hp due to condensation, evaporation, deposition, sublimation, freezing and melting. 
Shaded regions mark the range of the results from the ensemble of three simulations. Dashed horizontal line denotes the 0 ◦C level.
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throughout the simulation.

3.3. Microphysical processes

To understand the differences in percent occurrence of various kinds 
of precipitation-convection, we look deeper into the microphysical 
processes that could influence precipitation and convective strength. In 
this section, we first focus on the comparison between the default and 
0.01× scenarios, while the results of the 0.1× scenario will be discussed 
in the next section.

First, changes in shallow precipitation can be explained by the well- 
established theory on how aerosol concentration affects warm-cloud 
precipitation (e.g. Rosenfeld et al. (2008); Tao et al. (2012)). When 
aerosol number concentration is lower, fewer but larger cloud droplets 
are formed as shown in Fig. 9(B,E) and (E,F). Since larger droplets 
collide more efficiently, the formation of warm-cloud precipitation is 
promoted, leading to a decrease in cloud water mass from default to 
clean runs as shown in Fig. 9(A) and (D). On the other hand, high 
concentration of cloud condensation nuclei would result in smaller 
cloud droplets. Although the number of droplets would be higher, they 
collide less effectively due to smaller cross-sectional areas and hence do 
not form warm rain effectively. This could explain the increase in 
shallow precipitation for both Koinu and Haikui when aerosol concen-
tration reduces, and why larger areas with less intense precipitation are 
observed in clean simulations in both tropical cyclones. Since precipi-
tation in Haikui is mostly contributed by shallow convection, this effect 
is also the main reason that there is higher overall rainfall in Haikui in 
cleaner simulations. Whereas in Koinu, shallow precipitation is not the 
dominating precipitation type at 40–180 km from the tropical cyclone 
center, so the above process cannot explain its overall precipitation 
response to aerosol changes. Rather, we need to look at other processes 
that could influence convection strength and convective precipitation.

In Koinu, vertical velocity in updrafts is generally higher in default 
runs compared to the cleanest runs at both lower and upper levels, 
which could result in deeper convection in default runs. While aerosols 
do not directly influence updraft velocity, they can modify rates of 
microphysical processes, which determine the amount of latent heat 
released or absorbed, thereby influencing buoyancy and ultimately 

updraft strength. Therefore, to understand how aerosol concentration 
changes result in changes in convection depth observed, we look into the 
microphysical processes that generate buoyancy and how effectively the 
potential energy converts into kinetic energy in updrafts.

According to Peng et al. (2014), in a fully compressible, non- 
hydrostatic, moist atmosphere, moist available potential energy 
(MAPE) can be defined to quantify the small, active portion of potential 
energy in a moist atmosphere that is available to be converted into ki-
netic energy. Using the modified potential temperature θm =

θ
(

1 + Rv
Rd

qv

)

≈ θ(1 + 1.61qv), where θ is the potential temperature, Rd is 

the gas constant for dry air, Rv is the gas constant for water vapor and qv 
is the water vapor mixing ratio, MAPE per unit mass is defined as 

Ep =
g2

2N2θ2θʹ
m

2
, (1) 

where g is the gravitational constant and N2 = g∂ lnθ/∂z is the Brunt- 
Väisälä frequency. The overline denotes the time-invariant, hydrostati-
cally balanced, dry reference state, which is taken as the mean state of 
the atmosphere at the start of the simulations following the method in 
Harris et al. (2022). The prime (′) denotes the perturbation from the 
reference state. The budget equation of MAPE is given by (Peng et al., 
2015) 

∂
∂t
(
ρdEp

)
= Ap − Cp→z +Hp +Dp +Np (2) 

where Ap is the advection term, Cp→z = ρdgwθʹ
m/θdenotes the conversion 

from MAPE to vertical kinetic energy, Hp =
g2

N2θ
2ρdθʹ

mHm is the diabatic 

heating term, Dp is the diffusion term, and Np is the nonlinear term. ρd is 
the density of dry air, w is the vertical wind, and Hm = (1 + 1.61qv)Sθ +

1.61θSqv is the combined diabatic influence with Sθ and Sqv being the 
diabatic contributions to potential temperature and water vapor 
respectively. In tropical cyclones, the MAPE budget is dominated by Hp 
and Cp→z (Wu et al., 2024), while the other terms are negligible. In 
addition, within the Hp term, contribution from microphysical processes 
dominates over PBL contribution related to sensible heat flux trans-
portation (Wu et al., 2024). Therefore, we will focus on the diabatic 
contribution due to microphysics and conversion from MAPE to vertical 
kinetic energy in the following analysis.

The vertical profiles of the different terms for Koinu are shown in 
Fig. 11. In Koinu, the condensation term (Fig. 11(D)) is higher in the 
default scenario because there are more cloud condensation nuclei, so 
more MAPE is generated by condensation. From Fig. 9(A), more cloud 
water is present at lower levels in the default scenario, and those cloud 
droplets are smaller in size than in the 0.01× scenario (see Fig. 9(C)) 
since there are more cloud condensation nuclei. One would expect that 
the evaporation term to be more negative in the default run, but Fig. 11
(E) shows that it is slightly less negative than in the clean run. This is 
likely because in the default run, the larger percent occurrence of 
moderately deep to very deep convection produces raindrops that are 
larger in size as shown in Fig. 12. Since larger raindrops have lower 
surface-area-to-volume ratios, this decreases evaporation efficiency, 
leading to less negative Hp term for evaporation at lower levels in a more 
polluted environment. At higher levels, although in a more polluted 
environment, warm rain forms less efficiently by autoconversion of 
smaller cloud droplets, resulting in more droplets to be brought upwards 
to upper levels, the difference in evaporation between default and clean 
runs is found to be small because the additional droplets turned into ice, 
snow or graupel quickly. Therefore, the amount of supercooled liquid 
present in default and clean scenarios do not differ greatly. This is 
supported by Fig. 9(A), which shows that cloud water mixing ratio in the 
mixed layer just above the 0 ◦C level is similar in the default and the 
0.01× scenarios.

Meanwhile, Fig. 10(C) shows that there is a larger snow mixing ratio 

Fig. 12. Mean rain radius (assuming uniform droplet size) within regions with 
rain mixing ratio > 0.1 g kg− 1 averaged over the last 48 h of the simulation for a 
600 × 600 km region around Koinu’s low-pressure center. Shaded areas indi-
cate the ensemble spread from three simulations, and the dashed horizontal line 
marks the 0 ◦C level.
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in the default scenario. The clean scenario has more ice near the cloud 
top (see Fig. 10(B)), which is probably because in the default scenario, 
more ice crystals have been converted into snow or graupel by collecting 
water droplets. Indeed, both deposition and freezing terms (Fig. 11(F) 
and (H)) are more positive in the default scenario, which shows that 
there are more deposition and freezing in convective cores due to more 
supercooled liquid brought above the freezing level. Although the sub-
limation and melting terms (Fig. 11(G) and (I)) are more negative in the 

default scenario, their magnitudes are small compared to the deposition 
and freezing terms, so they only destroy a small portion of the MAPE 
generated by deposition and freezing. Overall, microphysical processes 
in a less clean environment generate more MAPE as shown in Fig. 11(C). 
In addition, the Cp→z term (Fig. 11(B)) of the default scenario is larger 
than the 0.01× scenario, which means more MAPE is converted into 
vertical kinetic energy to drive convection in a more polluted environ-
ment. As a result, the updraft velocity in a default scenario is higher 

Fig. 13. Vertical profiles computed in 800 × 800 km region around low-pressure center of Haikui averaged over the last 48 h of the simulation. (A) Vertical velocity 
in cloudy updraft regions with w > 1 m s− 1 and total liquid and ice content above 0.1 g kg− 1 (B) Conversion from MAPE to vertical kinetic energy Cp→z (C) Sum of 
diabatic contribution due to microphysical processes (D-I) Diabatic contribution Hp due to condensation, evaporation, deposition, sublimation, freezing and melting. 
Shaded regions mark the range of the results from the ensemble of three simulations. Dashed horizontal line denotes the 0 ◦C level.
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(Fig. 11(A)) and convection is stronger and deeper. Through mass con-
tinuity principles, these enhanced vertical motions necessitate 
compensatory intensification of the low-level inflow, which explains the 
stronger surface wind speed of Koinu in the default scenario as shown in 
Fig. 3(A). The strong radial inflow transports greater quantities of cloud 
droplets into the convective cores, initiating a positive feedback cycle 
wherein the increased droplet influx brings more supercooled liquid 
water to higher altitudes where they freeze and release latent heat, 
further intensifying updrafts and deepening the convection. Ultimately, 
this self-reinforcing mechanism explains the more intense precipitation 
seen in the default scenario.

In Haikui, for all microphysical processes, the amount of MAPE 
generated or destroyed illustrated in Fig. 13(D-I) are small compared to 
that in Koinu, especially for ice processes. The differences between 
default and clean scenarios are also small. Total diabatic forcing due to 
microphysics (Fig. 13(C)) is small and even negative below the freezing 
level due to more evaporation than condensation. In addition, Cp→z is 
small and even negative below 2 km (see Fig. 13(B)), which is as ex-
pected since the typhoon is dissipating. These suggest that low-level 
updraft in Haikui is not thermally driven by latent heating of micro-
physical processes, but is mostly mechanically driven instead. This is 
likely the case since Haikui has made landfall and experiences more 
surface friction as opposed to Koinu which remained over the ocean. As 
a result, as shown in Fig. 13(A), changes in aerosol number concentra-
tion do not result in significant difference in low-level updraft strength 
in Haikui. Moreover, in the clouds of Haikui, there is less deposition and 
freezing than in the clouds of Koinu, resulting in less snow and graupel, 
which is evident by comparing the values in Fig. 10(A,D) and (C,F). 
Therefore, the precipitation in Haikui is primarily due to warm rain 
produced in shallow clouds instead of rain formed by the melting of 
falling graupel or snow formed in deep convective clouds. As a result, in 
a cleaner scenario, Haikui has higher overall rainfall because of more 
warm rain formed by higher collision efficiency of fewer but larger cloud 
droplets, but does not suffer from the precipitation suppression due to 
suppression of invigoration compared to the default case as in Koinu. 
Without significant difference in updraft strengths, the surface wind 
speed in Haikui shown in Fig. 3(C) also does not show significant dif-
ference across different aerosol concentration levels.

3.4. Monotonicity of trends

From Fig. 4, it can be observed that the response of the three sets of 
simulations with different aerosol number concentration is less promi-
nent and less monotonic for Koinu than for Haikui. A possible reason is 
that for Koinu, cold processes compete over the warm rain process in 
affecting the formation of precipitation. Since these processes have 
opposing effects on precipitation amount, the net precipitation is 
determined by how much one process outweighs the other, which is non- 
trivial. On the other hand, for Haikui, since the warm rain process 
dominates, the increase in precipitation with decreasing aerosol number 
concentration is more prominent and monotonic.

In addition, from Fig. 10(C), the 0.1× experiment with intermediate 
aerosol concentration has the largest snow mixing ratio at upper levels, 
while the default experiment has slightly lower value. This is in agree-
ment with Cotton et al. (2012) and Hazra et al. (2013), which found that 
mixing ratios of ice hydrometeors initially increase with increasing 
pollutant concentration, but there is a “tipping point” after which 
further increase in aerosol concentration reduces droplet sizes so much 
that riming is suppressed, resulting in smaller frozen particles that are 
less likely to fall out by precipitation. Therefore, the default experiments 
may show slightly less precipitation than the 0.1× experiment.

4. Discussion

Aerosol emission is expected to be reduced in the future with 
increasing emission reduction policies to mitigate climate change. This 

study demonstrates that future reductions in water-friendly aerosols 
may significantly alter tropical cyclone precipitation patterns in the 
South China region. Through simulations of Typhoons Haikui and Koinu 
using the Thompson aerosol-aware microphysics scheme, we identified 
two key consistent responses to aerosol reduction: an expansion of 
precipitation area due to enhanced warm-rain processes, and case- 
dependent intensity changes tied to storm characteristics. The dissi-
pating Haikui showed minimal changes in updraft strength with aerosol 
reduction, as its precipitation remained dominated by warm-rain pro-
cesses with limited ice-phase contributions. In contrast, the strength-
ening Koinu exhibited weaker convection and less intense precipitation 
in cleaner environments, resulting from reduced diabatic heating due to 
ice-phase processes and less efficient conversion of potential energy into 
vertical kinetic energy, suggesting that aerosol cold-phase invigoration 
is present in Koinu.

These results are largely consistent with those of recent research. The 
enhancement of precipitation due to warm-rain processes and the 
reduced convective precipitation due to suppressed ice-phase processes 
in a cleaner atmosphere were found in different tropical cyclone envi-
ronments. For instance, many studies using different microphysics 
schemes (e.g. Cotton et al. (2012) using advanced two-moment bin- 
emulating microphysics scheme, Hazra et al. (2013) using bulk micro-
physics scheme with condensation nuclei initialized with trimodal 
lognormal size distributions, and Jiang et al. (2016) using WRF-CHEM 
with two-moment bulk microphysics scheme) have found more precip-
itation in a cleaner environment due to more efficient collision- 
coalescence. Meanwhile, depending on the characteristics of the trop-
ical cyclone, convective invigoration due to increased aerosols occurs at 
different times or locations within tropical cyclones (Cotton et al., 2012; 
Herbener et al., 2014; Jiang et al., 2016), or to different extents 
depending on whether the “tipping point” is reached (Hazra et al., 2013; 
Cotton et al., 2012) resulting in different precipitation patterns.

Our findings have important implications for climate modeling and 
policy. The robust expansion of precipitation area suggests that future 
emission reductions may systematically increase the spatial footprint of 
tropical cyclone rainfall, even when intensity responses vary. This un-
derscores the need to incorporate realistic aerosol projections, such as 
those by Li et al. (2022), into climate models to improve precipitation 
forecasts. For policymakers, our results highlight that emission reduc-
tion strategies should account for potential changes in tropical cyclone 
hydrology, particularly in vulnerable coastal regions. However, broader 
conclusions would benefit from analysis of a larger sample of tropical 
cyclones across varying intensities, tracks, and environmental condi-
tions to establish generalizable patterns.

Our analysis focused specifically on aerosol-cloud interactions, and 
we found aerosol-radiation effects are comparatively minor in these 
systems. Radiative tendencies in our simulations were consistently 
13–23 times smaller than latent heating tendencies, with changes across 
aerosol scenarios being 27–36 times less significant for radiation than 
for latent heating. This substantial difference justifies our primary focus 
on microphysical rather than radiative aerosol effects in tropical cyclone 
precipitation. However, in regions such as India where atmospheric 
brown cloud composed of black and organic carbon aerosols is present, 
aerosol radiative effects would likely play a larger role, and the com-
bined effects of microphysics and radiation should be considered.

Several limitations warrant consideration in interpreting our results. 
The Thompson aerosol-aware scheme’s use of saturation adjustment 
may overestimate cloud buoyancy by neglecting negative feedback be-
tween supersaturation and updraft strength (Grabowski and Morrison, 
2016), while inherent uncertainties in ice-microphysics parameteriza-
tions (Varble et al., 2023) affect the simulation of cold-phase processes. 
Although ensemble simulations confirmed the robustness of precipita-
tion area changes, future work should employ multi-model comparisons 
(e.g., Iguchi et al. (2020); Khain et al. (2016)) and innovative method-
ologies like microphysical piggybacking (Grabowski (2014, 2015); 
Grabowski and Morrison (2020); Sarkadi et al. (2022)) to better isolate 
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microphysical-dynamical feedbacks. Additional simulations with more 
gradual aerosol reductions would also be valuable for properly charac-
terizing response linearity. Furthermore, investigating different 
anthropogenic aerosols with diverse chemical compositions, sizes, and 
nucleation activity could provide valuable insights into their specific 
impacts on tropical cyclone precipitation. Such approaches, applied to 
diverse tropical cyclone cases, will be crucial for developing more reli-
able projections of how aerosol reductions may modify tropical cyclone 
impacts in a changing climate.
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